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The authors report a mechanism of interfacial strengthening during creep deformation of fully
lamellar TiAl alloys. In the lamellar microstructure of TiAl alloys, the 2 phase or the  phase is
softer than the  phase at elevated temperature. Conventionally, the creep resistance increases with
decreasing the volume fraction of the soft phases. However, the lamellar interfaces of  /2 or  /
retard the motion of dislocations during creep, causing a great strengthening, and thus the creep
resistance increases with increasing the amount of the phase interfaces. In this study, a physically
based model is developed to explain the strengthening behavior of the soft phases in lamellar TiAl
alloys. © 2007 American Institute of Physics. DOI: 10.1063/1.2733600
In general, metals and alloys can be designed to with-
stand creep at high temperatures by dispersion strengthening
of fine and hard particles.1 However, the hard particles al-
ways nucleate voids at the grain boundaries, lowering the
ductility and fracture toughness of multiphase materials. On
the other hand, soft second phases may also increase the
creep resistance due to pinning dislocations without the loss
of ductility and toughness. For an example, two-phase 
based TiAl alloys consisting of  TiAl and 2 Ti3Al ex-
hibited better creep resistance with improved ductility and
toughness2,3 in comparison with single-phase -TiAl alloys
though the creep resistance of 2 single phase is worse than
that of  single phase.4 However, it was found that excess
fraction of 2 phase lowered the creep resistance, which was
not fully explained in previous studies.5
 phase is always introduced to TiAl alloys by the addi-
tions of  stabilizing elements such as Cr, Nb, W, and Mo
Refs. 6–8 using advanced melting and solidification
techniques.9–11 The  phase is softer than the 2 and 
phases at elevated temperature, which was applied to im-
prove the hot workability of TiAl alloys.12,13 In addition, the
 phase in lamellar interfaces was found to improve the
creep resistance since the lamellar interfaces of  /2 or  /
retard the motion of dislocations during creep.14,15 However,
previous result indicated that the strengthening behavior of
the soft  phase decreased with increasing the amount of the
soft  phase,16 which was not fully understood. In this study,
a physically based model is developed to explain the
strengthening behavior of the soft phases in fully lamellar
TiAl alloys.
Figure 1 shows the deformed fully lamellar microstruc-
tures of TiAl alloys with and without the  phase. In the
two-phase XD TiAl alloy Fig. 1a, the bowed dislocations
indicate that the motion of dislocations along the lamellar
interfaces was retarded by the  /2 lamellar interfaces,
causing Orowan strengthening during creep. As shown in
Fig. 1b, dislocations were pinned and blocked by additional
interfacial  precipitates in the three-phase TiAl alloy Ti–
48Al–2W. Therefore, 2 lamellae or the  precipitates act
as barriers to moving dislocations resulting in strengthening
at elevated temperatures.
If the multiphase microstructure of  and other phases is
treated as a compositelike structure, the simple rule of mix-
ture is used to calculate the creep strain rate,3,4 which is
given by the following equation under the isostress assump-
tion:
˙ = 
i=1
n
f i˙i, 1
where f i is the volume fraction of the i constituent phase and
˙i is the creep rate of the i constituent phase under a given
creep stress. The strain rate of the single constituent phase is
determined as2,17,18
˙i =
ggb
M
, 2
in which g is the density of gliding dislocations with aver-
age velocity vg, b is Burger’s vector, and M is the Taylor
factor of the polycrystalline material for the imposed strain
path. Interaction mechanisms of dislocations with glide ob-
stacles such as impurity atoms, forest dislocations, inter-
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FIG. 1. Transmission electron microscopy TEM image of creep deforma-
tion microstructure of two-phase and three-phase TiAl alloys, showing in-
teraction between a dislocations and 2 / lamellar interface; the arrows
indicate the 2 phase; b dislocations and  / interface; the arrows show
the  phase and the arrowheads indicate the glide dislocations passing
through the lamellar interfaces.
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faces, and precipitates can be characterized in terms of acti-
vation energies and activation volumes.2 This then
determines the average glide velocity vg and is obtained us-
ing a statistical mechanics approach as
g = l0 exp− GkbT , 3
where l is the mean spacing of obstacles, v0 the attack fre-
quency, kb the Boltzman constant, T the absolute tempera-
ture, and G the Gibbs free energy which, in the presence of
a stress field , is written as F−V. F is the free energy
of activation and V the work done mechanically during
the activation event. V= lbd is the activation volume and d
is the activation distance. If both forward and backward ac-
tivation events in a symmetrical arrangement are considered
and the glide resistance to crystallographic shear can be con-
verted into a stress 	 applied on the polycrystalline material
by use of the Taylor factor,2,17 the strain rate is expressed as
˙i = lA exp− FkbTsinh 	lbdMkbT , 4
where
A =
g0b
M
. 5
Obviously, f i and l in above equations reflect the effects of
the soft phase fractions and the glide obstacle densities on
creep, respectively. This model was used to explain the
strengthening effect of 2 lamellae in a Ti–45Al–2Nb–
2Mn+0.8 vol %TiB2 45XD alloy,5,19 and the precipitation
strengthening behavior of soft  phase in a Ti–48Al–2W
alloy.
Figure 2 shows the lamellar microstructures with or
without aging treatment for the 45XD alloy.19,20 During ag-
ing or stabilization treatment, the phase transformation of
2→, previously incomplete due to fast cooling, continues
and strives to reach phase equilibrium corresponding to the
particular aging temperature.19,21 This process reduced the
amount of unstable 2 in the lamellar microstructure, leading
to microstructural changes such as thinning of 2 lamellae
and coarsening of neighboring  lamellae.19 After the aging
treatment, the 2 volume fraction was reduced from 34% to
15% and the thickness of 2 lamellae was decreased from
35 to 14 nm, while that of  lamellae was increased from
50 to 55 nm. However, the optimal aging condition resulted
in maintaining continuous 2 lamellae having fine 2 lamel-
lae thickness less than 10 nm, as shown in Fig. 2b.
According to the Eqs. 1–5, the reduction in the 2
volume fraction lowers the weakening of the soft 2 phase,
whereas the remained continuous lamellar interface main-
tains the interfacial strengthening. As a result, the multiple-
step-aged microstructure of the two-phase 45XD TiAl alloy
exhibited better creep resistance than the unaged microstruc-
ture Fig. 3. The strengthening effect of the thinner 2
lamellae can also be estimated on the basis of above
equations. The Helmholtz free energy can be evaluated by
F=kfGb3.17 kf depends on the strength of the obstruction,
and taking kf =0.1,17 the shear moduli are 74 and 57 GPa for
the  and 2 phases, respectively,22 and the Burger vector
b=2.8
10−10 m.23 The length of the thermal activation
event, d, can be approximated to the Burger vector b. To a
given material, the mean spacing of obstacles, l, is taken
direct proportional to the mean thickness of lamellae, ,
and thus, l=kl with kl is a constant to a given micro-
structure. A and kl are not know exactly, but in their order
of magnitude, they were set to reasonable value by fitting
the minimum strain rate of the unaged condition and
A=4.8
1011 m−1 s−1 and kl=7.5
10−5. The calculated
value of the minimum strain rate for the aged condition is
1.1
10−4 h−1, which is in agreement with the experimental
value, 1.2
10−4 h−1. The calculated value indicated that the
physically based model describes the strengthening effect of
thinner 2 lamellae in two-phase TiAl alloys very well.
Figure 4 shows the aged microstructures of a Ti–
48Al–2W alloy in the edge on and tilting conditions.14,16 In
the aged microstructures, precipitates were formed within
prior 2 lamellae at the lamellar interfaces. These interfacial
precipitates were identified as W-rich  phase with a B2
structure.16 In the 5 h aged condition, 2 phases were found
to keep their continuity, which resulted in maintaining the
continuous of the 2+ / lamellar interface Fig. 4a.
However, with increasing the aging time, the size and dis-
tance of the  precipitates became so coarser and larger that
the prior lamellar interface turned to discontinuous features
in the 96 h aged microstructure Figs. 4c and 4d. For
example, when the aging time increased from 5 to 96 h, the
mean size of the  precipitates changed from approximately
8.9
10−4 to 2.9
10−3 m2.
The creep curves of unaged and aged Ti–48Al–2W al-
loys are illustrated in Fig. 5. The aged condition exhibited
lower creep strain rate than the unaged condition. The 5 h
aged condition also showed a favorable combination of pri-
mary creep resistance and an extended period of tertiary
creep. With increasing the aging time to 96 h, the minimum
FIG. 2. TEM images showing microstructure of 45XD alloy with or without
aging treatments. a Unaged condition and b multiple-step-aged condi-
tion. The arrows indicate 2 lamellae.
FIG. 3. Color online Creep behaviors of 45XD alloy with or without aging
treatment.
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creep strain rate slightly decreased, whereas the rupture life
was greatly reduced. The total volume fraction of the soft
phases 2+ in the 5 h aged condition was lower than that
in the unaged condition, but higher than that in the 96 h aged
condition. This resulted in a medial primary strain rate in
the 5 h aged condition Fig. 5, which is consistent with the
Eq. 1. However, according to Eq. 4, the larger space be-
tween the glide obstacles for dislocation motion resulted in
higher creep strain rate in the 96 h aged condition. Further-
more, the glide dislocations could pass through the prior
lamellar interfaces from one  lamella to another in the
larger space between two obstacles Fig. 1b, causing the
occurrence of annihilation in dislocations with opposite sign,
which further greatly increased the distance of glide ob-
stacles such as forest dislocations and enhanced dislocation
motion. Therefore, the tertiary creep strain rate was dramati-
cally increased in the 96 h aged condition. In addition, as
creep test progresses to the softening stage, the dislocations
climbed the soft phases and could be annihilated when they
meet the dislocations with opposite sign. In contrast, the con-
tinuous lamellar interfaces in the 5 h aged condition blocked
the transverse movement of the dislocations from one 
lamella to another, leading to a long tertiary stage Fig. 5.
In summary, the developed model of interfacial strength-
ening by soft phases for multiphase materials was introduced
and indicates that the creep strain rate increases with the
volume fractions of the soft phases and decreases with low-
ering the distance of the interfaces as well as other glide
obstacles. This model has been adapted and well explained
creep behavior of the two-phase fully lamellar TiAl alloy
with thinner 2 lamellae and continuous 2 / lamellar inter-
faces. This model is also in agreement with the creep behav-
ior of TiAl alloy containing . The 5 h aged condition re-
sulted in a favorable combination of primary creep resistance
and an extended period of tertiary creep because dislocation
emission and motion from interfaces with fine  precipitates
were limited. However, in the 96 h aged condition, lower
volume fractions of the soft phases decrease the primary
creep strain rate, but the larger space between the glide ob-
stacles promotes the annihilation of dislocations, which en-
hanced dislocation motion and increasing the tertiary creep
strain rate. It is expected that a good balance of strength and
ductility of TiAl alloys at high temperature would be ob-
tained through controlling the amount and morphology of the
 phase.
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FIG. 4. TEM image showing microstructure of Ti–48Al–2W alloy under
different aging treatments. a and b 950 °C/5 h aged condition; c and
d 950 °C/96 h aged condition. The arrows in b and d indicate 
precipitates and arrowheads in c show discontinuous lamellar interface.
FIG. 5. Color online Creep behavior of Ti–48Al–2W alloy in unaged and
aged conditions.
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